An intravenous (IV) formulation of meloxicam is being studied for moderate to severe pain management. This phase 3, randomized, multicenter, double-blind, placebo-controlled trial evaluated the safety of once-daily meloxicam IV 30 mg in subjects following major elective surgery. Eligible subjects were randomized (3:1) to receive meloxicam IV 30 mg or placebo administered once daily. Safety was evaluated via adverse events, clinical laboratory tests, vital signs, wound healing, and opioid consumption. The incidence of adverse events was similar between meloxicam IV-and placebotreated subjects (63.0% versus 65.0%). Investigators assessed most adverse events as mild or moderate in intensity and unrelated to treatment. Adverse events of interest (injection-site reactions, bleeding, cardiovascular, hepatic, renal, thrombotic, and wound-healing events) were similar between groups. Over the treatment period, meloxicam IV was associated with a 23.6% (P = .0531) reduction in total opioid use (9.2 mg morphine equivalent) compared to placebotreated subjects. The results suggest that meloxicam IV had a safety profile similar to that of placebo with respect to numbers and frequencies of adverse events and reduced opioid consumption in subjects with moderate to severe postoperative pain following major elective surgery.
Acute pain after surgery can have a significant impact on clinical outcomes. Inadequate pain management in the postoperative period may lead to adverse events, including myocardial ischemia, myocardial infarction, impaired pulmonary function, paralytic ileus, urinary retention, thromboembolism, impaired immune function, and anxiety. 1, 2 These events have the potential to produce unfavorable clinical, economic, and patientrelated outcomes. Although effective and well-tolerated pain control is an important component of postoperative care, a large proportion of patients continue to report significant postoperative pain. 3, 4 In 2 large surveys of postsurgical patients, 62% to 71% of patients experienced moderate to extreme pain after discharge, with 23% to 29% reporting severe to extreme levels of pain. 3, 4 Opioids have been a mainstay of postoperative pain management, but they are associated with adverse events (eg, gastrointestinal events, pruritus, respiratory depression) and other risks (eg, dependency, overdose, and diversion). 2, [5] [6] [7] Despite these concerns, the limited number of treatment alternatives has led to a reliance on opioids in pain management regimens. 8 This has prompted the development of new nonopioid treatment regimens or opioid-minimizing regimens that may provide safer and more effective management of postoperative pain, 8, 9 such as the use of multimodal pain management therapy. Such regimens, which include 2 or more drugs, each with a different mechanism of action, often produce improved postoperative pain scores and greater pain relief. 10, 11 Nonsteroidal anti-inflammatory drugs (NSAIDs) have long been used for the treatment of chronic pain conditions (eg, rheumatoid arthritis, osteoarthritis), but their pharmacological profile (ie, analgesic, antiinflammatory) also makes them attractive agents for the management of postoperative pain. 12 NSAIDs have also been shown to have an opioid-sparing effect and to decrease opioid-induced nausea and vomiting. [13] [14] [15] [16] Meloxicam is a preferential cyclooxygenase-2 inhibitor with analgesic, antipyretic, and antiinflammatory properties. [17] [18] [19] [20] [21] [22] An oral dosage form of the drug has demonstrated efficacy for the treatment of pain and inflammation in patients with rheumatoid arthritis and osteoarthritis and is associated with fewer gastrointestinal adverse events compared with nonselective NSAIDs. 18, 19, 23 Oral meloxicam is metabolized in the liver to 4 inactive metabolites that are excreted in urine and feces with an elimination half-life of ß20 hours. 18, 20, 21 The cytochrome P450 (CYP) 2C subgroup of isozymes, CYP2C9 (primary) and CYP3A4 (minor), are responsible for the oxidative metabolism of oral meloxicam. 24 Oral meloxicam has poor solubility that contributes to a delay in absorption and onset of action. Peak plasma concentrations are not achieved until 9 to 11 hours after oral administration of a 30-mg dose. 18, 25 Because of this, oral meloxicam is not currently indicated for the management of acute pain.
A novel nanocrystal intravenous (IV) formulation of meloxicam that is administered by bolus injection is being studied for the management of moderate to severe pain. Meloxicam IV is an investigational product that has not been approved by the US Food and Drug Administration. Although pharmacokinetic information for the nanocrystal IV meloxicam formulation has not been published, a standard population pharmacokinetic model was developed to evaluate sources of exposure variability and to assess the effect of meloxicam IV on pain intensity (PI). The results, presented at a conference, found that body weight and renal function had an effect on the clearance of meloxicam IV. 26 An exposureresponse analysis found that a statistically significant exposure-response relationship was observed, indicating that higher area under the concentration-time curve over 24 hours for meloxicam IV was associated with improved pain control and fewer uses of rescue medication over 24 and 48 hours. 26 In phase 2 trials of subjects with postoperative pain after surgical procedures including removal of impacted third molars, 27 open abdominal hysterectomy, 28 laparoscopic abdominal surgery, 29 and bunionectomy, 30 meloxicam IV exhibited onset of analgesia within 15 minutes or less postdose, with maintenance of the analgesic effect through the 24-hour dosing period. The analgesic effect and safety of meloxicam IV were evaluated in 2 phase 3 surgical models, including soft-tissue surgery (abdominoplasty) 31 and hard-tissue surgery (bunionectomy). 32 In the abdominoplasty study, subjects who received meloxicam IV had a statistically significant reduction in PI as measured by the summed PI difference from hour 0 to hour 24 compared with placebo-treated subjects (-4262.1 versus -3535.7; P = .0145). 31 Subjects randomized to meloxicam IV 30 mg in the bunionectomy study experienced a statistically significant difference in summed PI difference from hour 0 to hour 48 versus the placebo group (-6956.0 versus -4829.3; P = .0034). 32 In both phase 3 studies, meloxicam IV was generally well tolerated, with a safety profile that included a low incidence of adverse events that was comparable to that of placebo.
An additional phase 3 clinical trial was conducted to investigate meloxicam IV safety in a separate population of subjects experiencing postoperative pain following a range of surgical procedures. The primary objective of this study was to evaluate the safety and tolerability of meloxicam IV 30 mg following major surgery as assessed by adverse events, opioid consumption, physical examination, vital signs, clinical laboratory tests, electrocardiograms (ECGs), and wound evaluation. Mean opioid consumption was assessed in this study as a surrogate measure of analgesic efficacy.
Methods

Study Design
The protocol for this phase 3, randomized, multicenter, double-blind, placebo-controlled trial was reviewed and approved by a central Institutional Review Board (Copernicus Group Independent Review Board, Durham, North Carolina), and all subjects provided written informed consent. The trial was conducted at 31 centers in 4 countries (the United States, Canada, New Zealand, and Australia) during the period from March 2016 to April 2017. Clinical work was completed according to current Good Clinical Practice guidelines outlined by the International Conference on Harmonisation Guidance for Industry, E6 Good Clinical Practice: Consolidated Guidance, and, where applicable, the principles of the Declaration of Helsinki. This study was registered with ClinicalTrials.gov (NCT02720692) on March 22, 2016, with principal investigators at each site. The principal investigator at each clinical site that enrolled ࣙ1 subject and the ethics committee institutional review board for each study location are provided in Supplemental Table 1 .
Key Eligibility Criteria
Men and nonpregnant, nonlactating women aged 18 to 80 years (inclusive) with a body mass index up to 40 kg/m 2 , scheduled to undergo major elective surgery and expected to require IV analgesia, to remain in an inpatient setting for at least 24 to 48 hours, and to receive at least 2 study doses were eligible for inclusion in the study.
The first dose was to be completed within 6 hours of the end of the surgery among subjects who met the following postoperative criteria: (1) the subject was able to achieve hemostasis and surgical incision closure before operating room discharge; (2) the surgical procedure did not require use of more than 2 units of packed red blood cells or platelets; (3) the surgical procedure from incision to closure was no longer than 12 hours; (4) the subject was expected to have sufficient pain to require IV analgesia; and (5) there was no evidence of respiratory insufficiency, clinically significant hypotension, bradycardia, coagulopathy, or any other abnormality during or following surgery that, in the investigator's opinion, significantly increased the risks of study participation.
Subjects were excluded if they had allergy/ hypersensitivity to meloxicam or other NSAIDs or excipients; were undergoing a surgical procedure in which NSAIDs are contraindicated; had a planned/ actual admission to the intensive care unit; had elevated aminotransferases, alkaline phosphatase, total bilirubin, or prothrombin time; had a history of HIV, hepatitis B, hepatitis C; or had a significant renal, hepatic, cardiovascular, metabolic, neurologic, and/or psychiatric condition. Subjects were also not eligible if they had a myocardial infarction or coronary artery bypass graft surgery within 12 months, active or recent bleeding (within 6 months), gastrointestinal ulceration, a known bleeding disorder, or a history of alcohol abuse or positive results on a drug screen.
Randomization and Study Drug Administration
Following screening, eligible subjects were randomized to treatment with either meloxicam IV 30 mg or placebo (3:1), administered intravenously every 24 hours (±1 hour). Randomization was achieved via a computer-generated block randomization scheme (block size 4). The randomization was stratified by subjects greater than 65 years of age with mild renal failure (glomerular filtration rate 60-89 mL/[min·1.73 m 2 ]) versus other, and by surgery type (orthopedic versus other surgeries). All doses administered in this study were prepared and administered by a designated unblinded and appropriately qualified staff member of the healthcare team at the research center, who maintained the blind of subjects and investigators. No subject treatment assignments were unblinded during the course of this study.
Surgeries were conducted under appropriate anesthesia and analgesic regimens that were used according to the clinical practice of the surgeon based on the surgery type. Administration of the first dose (set as hour 0) was completed within 6 hours of the end of surgery for those who met the postoperative randomization key eligibility criteria. Subjects received study drug for as long as IV analgesia was deemed clinically appropriate up to a maximum of 7 doses. The final dose of study drug could be administered up to 4 hours early for subjects who were scheduled to be discharged. For subjects who no longer needed inpatient care, additional doses under continued supervision in an appropriate setting were allowed. Any subjects who had not received a dose for more than 28 hours were considered off treatment. Concomitant use of NSAIDs other than study medication was prohibited. Other concomitant medications that had not been at a stable dose for at least 14 days before the surgical procedure were also prohibited within 5 half-lives of the medication. After discharge, subjects received routine pain management and were instructed to return to the study site to complete end-of-study assessments. A final safety assessment was conducted via telephone on day 28.
Rescue medication was allowed for subjects with inadequately controlled pain with sites utilizing standardof-care analgesics at the discretion of the investigator, as indicated by the types of surgery at their institution and based on subject needs. Although any analgesic was acceptable (except for NSAIDs), opioid analgesics were the most commonly used rescue medications.
Primary End Points
Adverse events, including those volunteered, elicited, or noted on physical examination, were recorded and assessed by the investigators for intensity and causality. Hematology, clinical chemistry, urinalysis, and coagulation tests were performed at screening, day 1, hour 48, before discharge, and at follow-up visit (7 days after last scheduled dose). Vital signs were measured at screening, 1 day before surgery, before the first 2 study doses, before discharge, and at follow-up visit. A 12-lead ECG was performed at screening, check-in, before discharge, and at follow-up. Surgical wound healing was evaluated by the investigator before discharge and at the follow-up visit using an 11-point scale (0 to 10, "completely unsatisfied" to "completely satisfied"). Total opioid consumption was measured as the IV morphine equivalent dose during day 1 (0-24 hours), day 2 (24-48 hours), day 3 (48-72 hours), days 1 to 2 (0-48 hours), days 1 to 3 (0-72 hours), and as total consumption during treatment.
Statistical Analysis
The sample size was selected to support the required total exposure population for meloxicam IV. For a sample size of 525 subjects to be treated with meloxicam IV, the study was designed to have a 95% probability to observe at least 1 event if the occurrence rate was at least 0.57% in the meloxicam IV group. The safety analysis set included all subjects treated with the study drug. Adverse events and other safety variables (clinical laboratory values, vital signs, ECG findings) were summarized descriptively without inferential statistics. Adverse events were coded using the Medical Dictionary for Regulatory Activities (version 18.1). Differences between groups for opioid consumption were analyzed using an analysis of covariance model that included treatment and analysis site. An analysis site was defined as any individual investigator site where the total number of subjects was at least 10. For sites with fewer than 10 subjects (n = 12 sites), sites were pooled on the basis of geographical location (n = 4 pooled analysis sites). In addition, a confirmatory analysis using Cochran-Mantel-Haenszel analysis of variance (row mean scores) on rank, a nonparametric approach, was performed for total opioid consumption. All analyses were performed using SAS software, version 9.3 (SAS Institute, Cary, North Carolina).
Results
Subjects
Of the 722 subjects randomized, 721 (428 female, 293 male) received at least 1 dose of study medication and were included in the safety set ( Figure 1 ). Subject demographics and surgical characteristics (Table 1) were generally similar between treatment groups. The most common surgeries were soft-tissue surgery, total knee replacement, gynecologic surgery, complex foot surgery, total hip replacement, and bunionectomy ( Table 2) . One hundred nineteen subjects (meloxicam IV [n = 88]; placebo [n = 31]) were over 65 years of age and had mild renal impairment (glomerular filtration rate of 60-89 mL/[min·1.73 m 2 ]).
Safety
The majority of subjects received a total of 2 or 3 doses (89.6% meloxicam IV and 90.7% placebo), although some subjects received up to 7 doses during treatment. The number of doses administered was similar between treatment groups and consistent across age and renal function status and surgery type. The overall incidence of adverse events for meloxicam IV-treated subjects and placebo-treated subjects was 63.0% and 65.0%, respectively (Table 3) . Across treatment groups (meloxicam IV 30 mg and placebo), study investigators assessed adverse events to be mild (49.6% and 51.4%, respectively) or moderate (27.1% and 29.0%, respectively) in intensity. The majority of events were assessed by the investigator to be either "not related" to treatment (meloxicam IV, n = 267 [49.6%]; placebo, n = 89 [48.6%]), or "only possibly related" to treatment (meloxicam IV, n = 125 [23.2%]; placebo, n = 53 [29.0%]). There were a total of 33 serious adverse events in 24 subjects, with a greater frequency observed in the placebo group: 20 events in 14 subjects (2.6%) in the meloxicam IV group and 13 events in 10 subjects (5.5%) in the placebo group. The most common serious adverse events were infections (meloxicam IV, n = 3 [0.6%]; placebo, n = 2 [1.1%]), procedural complications (meloxicam IV, n = 6 [1.1%]; placebo, n = 3 [1.6%]), and gastrointestinal events (meloxicam IV, n = 4 [0.7%]; placebo, n = 2 [1.1%]). Procedural complications in the meloxicam IV group included postprocedural embolism (n = 3 [0.6%]), femoral neck fracture (n = 1 [0.2%]), postoperative ileus (n = 1 [0.2%]), and tendon injury (n = 1 [0.2%]); in the placebo group they included anastomotic ulcer (n = 1 [0.5%]), incisional hernia (n = 1 [0.5%]), and postoperative ileus (n = 1 [0.5%]). Two subjects (both in the meloxicam IV group) discontinued treatment due to an adverse event. One subject discontinued due to localized edema, and the other subject discontinued as a result of postprocedural pulmonary embolism. There were no deaths during the study.
The most common adverse events for both meloxicam IV-treated and placebo-treated subjects were gastrointestinal events (ie, nausea, constipation, vomiting), headache, and pruritus (Table 3 ). Between the meloxicam IV and placebo groups, there was a numerical reduction in many adverse events typically associated with opioid therapy, such as nausea (22.9% versus 27.9%, respectively), vomiting (5.0% versus 7.7%), and pruritus (3.9% versus 5.5%). Rates of adverse events were higher for subjects older than 65 years of age with mild renal impairment compared with the remainder of the population in both the meloxicam IV (67.0% versus 62.2%) and placebo (77.4% versus 62.5%) groups. Adverse events were also higher among subjects undergoing orthopedic surgery than among those undergoing other surgery types in both the meloxicam IV (64.7% versus 61.2%) and placebo (68.8% versus 60.9%) groups.
Adverse events of special interest included injectionsite reactions, bleeding, and cardiovascular, hepatic, renal, thrombotic, and wound-healing events ( Table 4 ). Bleeding events occurred in 4.8% of meloxicam IV-treated subjects and in 3.8% of placebo-treated subjects, including anemia (the most common bleeding event [3.3% versus 2.2%]). Renal events (1.3% versus 0%), injection-site reactions (1.5% versus 0%), wound-healing events (5.8% versus 3.8%), and hepatic events (6.5% versus 8.2%) were reported in the meloxicam IV group and placebo group, respectively. Two of the 3 renal events (acute renal injury) were assessed as serious events that were not considered related to the study medication. One event occurred in a subject after sepsis, multiorgan failure, and a prolonged intensive care hospitalization. The other event was in a subject with a history of congestive heart failure who had high creatinine values, 2+ protein in his urine, and below-normal hematocrit and hemoglobin values before surgery. The low hematocrit and hemoglobin values in the postoperative period ultimately required 3 units of packed red blood cells; the resultant fluid volume overload, which was treated with furosemide, resulted in prolonged hospitalization. This subject experienced an event of acute renal failure on day 18; the final dose of study medication had been given on day 4. Three subjects in the meloxicam IV group experienced postprocedural pulmonary embolisms that were considered serious adverse events unrelated to the study treatment. Two of these subjects had predisposing medical conditions (ie, previous deep vein thrombosis, hyperlipidemia, coronary artery disease). Changes in laboratory values were evaluated using shift plots, and Table 5 summarizes clinically significant shifts from normal at baseline. No individual laboratory parameters were identified to have a clinically meaningful shift among meloxicam IV-treated subjects during the study. Although shifts in individual laboratory parameters were observed, the shifts were similar between meloxicam IV-and placebo-treated subjects. The incidence of clinically meaningful changes in vital signs was also similar between treatment groups. There were 2 clinically significant abnormal ECGs obtained during the study (both in the meloxicam IV group) that occurred 7 days posttreatment and were not considered related to the study medication.
Assessment of investigator satisfaction with wound healing was similar between meloxicam IV-and placebo-treated subjects. Mean assessment scores were at least 9.2 out of 10, both at discharge and at the 7-day follow-up visit, suggesting that investigators were consistently satisfied with overall wound healing. The incidence of clinically significant findings on all wound evaluation parameters (erythema, drainage, edema, induration, hematoma) was no greater than 1.1% for all wound assessment parameters in both treatment groups.
Opioid Consumption
Mean opioid consumption, measured by converting opioid analgesic doses to the IV morphine equivalent dose, was numerically lower in the meloxicam IV group compared with the placebo group at all time points (hours 0-24, 24-48, 48-72, 0-48, and 0-72 hours) and reached statistical significance at hours 0-24, 0-48, and 0-72 (Table 6, Figure 2 ). Over the treatment period, the total IV morphine equivalent dose was 9.2 mg lower among meloxicam IV-treated subjects compared with those receiving placebo, although the difference was not statistically significant (29.8 versus 39.0; P = .0531). Subjects undergoing orthopedic surgery used more total opioids on average than did the overall population, and the difference in opioid use between placebotreated and meloxicam IV-treated patients was greater in orthopedic subjects. The mean total IV morphine equivalent dose use during treatment was 36.8 mg for meloxicam IV versus 50.3 mg for placebo (P = .0081) for orthopedic surgery compared with values of 22.1 mg (meloxicam IV) and 26.5 mg (placebo) for other surgeries. The overall conclusion per confirmatory analysis using a nonparametric approach was consistent with the planned analysis, and an additional 6 comparisons showed a significant difference in rank (Table 6 ).
Discussion
A novel nanocrystal formulation of meloxicam is being studied for the management of moderate to severe pain that allows for once-daily administration as an IV bolus. Results from the current study demonstrate that meloxicam IV 30 mg was generally well tolerated and has an opioid-reducing effect when administered to subjects with moderate to severe pain following a variety of elective surgical procedures. Meloxicam IV had a safety profile similar to that of placebo with respect to numbers and frequencies of adverse events. This was true of adverse events of special interest (bleeding, injection-site reactions, hepatic events, renal events, thrombotic events, and woundhealing events). These results suggest that short-term postoperative meloxicam IV is not associated with an increased risk of these complications, although it must be noted that subjects at highest risk of these events (eg, those with a history of significant cardiovascular, renal, hepatic, bleeding events) were not eligible for inclusion in the study. Meloxicam IV was also associated with a statistically significant reduction in opioid use at several postoperative time intervals (hours 0-24, 0-48, and 0-72). Over the treatment period, meloxicam IV was associated with a 23.6% reduction in total opioid use (9.2mg morphine equivalent) compared to placebo-treated subjects. Differences in opioid use were identified when subjects were stratified by surgery type. For example, the overall use of opioids and the opioid-sparing effect of meloxicam IV were greater in orthopedic surgeries than in other surgery types. The use of multimodal and complementary medications to reduce opioid consumption is a goal cited by recent guidelines, 11, 33 and the magnitude of the opioid-reducing effect observed in this study is clinically meaningful within this context.
Although the study was not powered to assess differences in opioid-related adverse events, there was a numeric reduction in many adverse events typically associated with opioid therapy (eg, nausea, vomiting, pruritus) among meloxicam IV-treated subjects. Consensus guidelines on the management of postoperative nausea and vomiting have emphasized the importance of minimizing postoperative opioids as a means of reducing the risk of opioid-induced nausea and vomiting and have noted the value of opioid-sparing NSAIDs as a means of achieving this goal. 34 A limitation of this study was that differences in adverse event rates were difficult to identify among IV indicates intravenous. a Intravenous morphine equivalent dose (mg, mean ± SD). b Excluded 1 subject who had erroneous data that could not be confirmed. c P value from analysis of covariance for treatment group difference. d P value from Cochran-Mantel-Haenszel analysis on rank controlling center. e n = 519, 275, and 244, respectively, for meloxicam IV and n = 178, 93, and 85, respectively, for placebo, in all subjects, orthopedic surgery, and other surgery. f n = 274, 126, and 148, respectively, for meloxicam IV and n = 93, 41, and 52, respectively, for placebo, in all subjects, orthopedic surgery, and other surgery.
adverse events with lower incidence rates and between study groups with limited numbers of subjects.
Conclusion
Once-daily IV bolus doses of meloxicam IV 30 mg were generally well tolerated, as indicated by a low incidence of adverse events that was comparable to that with placebo. Safety assessments demonstrated that meloxicam IV did not cause an increase in events that are commonly associated with NSAIDs. Opioid consumption was reduced in the meloxicam IV group during all intervals versus placebo.
